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described. 
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GRADIENT POROUS IMPLANT 

BACKGROUND OF THE INVENTION 

The present invention relates to implantable medical 
devices, and in particular to metallic porous structures for 
implantable medical devices including orthopedic implants, 
especially acetabular cup implants, methods of forming such 
metallic porous layers for implants, and methods of produc 
ing such devices. 

The use of orthopedic implants is the result of deterioration 
of human bone structure, usually because of various degen 
erative diseases, such as osteoarthritis. In recent years, a 
variety of implantable orthopedic devices have been devel 
oped. Typically, the failed bone structure is replaced With an 
orthopedic implant that mimics, as closely as possible, the 
structure of the natural bone and performs its functions. 

Orthopedic implants are constructed from materials that 
are stable in biological environments and Withstand physical 
stress With minimal or controlled deformation. Such materi 
als must possess strength, resistance to corrosion, biocompat 
ibility, and good Wear properties. Also, the implants include 
various interacting parts, Which undergo repeated long-term 
physical stress inside the body. 
A breakdoWn of a permanently installed implant leads to 

pain, limitation on the range of motion, and may require a 
replacement of the implant. For these reasons, among others, 
the bone/implant interface and the connection betWeen vari 
ous parts of the implant must be resistant to breakdown. It is 
especially important since installation of an orthopedic 
implant often involves an extensive and dif?cult medical pro 
cedure, and therefore replacement of the installed implant is 
highly undesirable. 

The requirements for the useful life of the implant continue 
to groW With the increase in human life expectancy. The 
strength and longevity of implants in large part depend on. the 
bone/implant interface. Various methods of connection are 
knoWn in the art. For example, a hip joint is a ball-in-socket 
joint, and includes a rounded femoral head and a cup-like 
socket (acetabular cup) located in the pelvis. The surfaces of 
the rounded femoral head and the acetabular cup continually 
abrade each other as a person Walks. The abrasion, along With 
normal loading, creates stress on the hip joint and adjacent 
bones. If the femoral head or the acetabular cup is replaced 
With an implant, this stress must be Well tolerated by the 
implant’s bearing surfaces to prevent implant failure. 

FIG. 1 shoWs a typical hip replacement system that 
includes an acetabular cup prosthetic implant assembly 10 
and a femoral prosthesis 20. Generally, the acetabular cup 
implant 10 includes a bone interface shell 11 and a socket 
bearing insert 12. The femoral prosthesis 20 includes a femo 
ral stem 21 and a femoral head in the form of a ball 22, Which 
moves inside the socket insert 12 of the acetabular cup 
implant 10. The femoral ball 22 usually has a polished surface 
to maintain a loW friction interface With the surface of the 
socket insert 12 of the acetabular cup implant 10. The stem 
section 26 is inserted into the interior of the femur. 
The socket insert 12 is usually made from a plastic material 

such as polyethylene or ultra high molecular Weight polyeth 
ylene (UHMWPE), but may be of any biocompatible bearing 
material that has suf?cient strength and Wear resistance to 
Withstand the loading and the abrasive nature of the j oint. The 
socket insert 12 is typically held in the shell 11 by a series of 
locking grooves or notches. Ceramics and metals are also 
used to make socket insert 12 and in some instances the socket 
insert 12 is integral With the bone interface shell 11 so that the 
interior surface of the shell 11 acts as the bearing. The shell 11 
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2 
is typically made from a metal such as titanium or cobalt 
chrome alloy, and has a bone interface surface 16. 

In use, the complete acetabular cup implant 10 may be 
attached to the patient’s pelvis by a series of locking grooves, 
pins or screWs 29, usually in conjunction With bone cement. 
Alternatively, the acetabular cup implant 10 may be press-?t 
by being driven into the patient’ s acetabulum With an impac 
tion tool in situations Where patient-related criteria are met. 
Press ?t cementless acetabular cups have become the gold 
standard for an acetabular bearing component due to the 
favorable clinical results and surgical advantages. The most 
desirable cementless acetabular cup is a cup With a three 
dimensional bony in-groWth microstructure surface, such as a 
porous surface layer. This method avoids the use of bone 
cement. The bone ingroWth into the voids of the porous bone 
interface layer provides skeletal ?xation for the implants used 
for replacement of bone segments. In addition to providing a 
strong ?xation, the bone ingroWth improves biocompatibility 
of the implant and is even believed by some to promote 
positive biochemical changes in the diseased bone. To imple 
ment this approach, it is important to develop improved meth 
ods of constructing porous outer layers on the bone interface 
surfaces of implants. 
Depending on the type of bone, the location of the bone 

Within the body, individual characteristics and disease state, 
bone has a Wide variation in mechanical characteristics. Bone 
is generally categorized as trabecular or cancellous bone, 
Which is porous and has an open cancellated structure, and 
cortical bone, Which is dense. Subchondral bone, as found in 
the acetabulum, is also dense. It should be noted that the 
mechanical property values for trabecular and cortical bone 
overlap and often form a continuum Within a given bone of the 
body. Wide ranges of mechanical properties for bone are 
reported in the literature, even for bone of the same type. 
Typically, trabecular bone has a tensile strength of 8 MPA as 
a mid range value. Cortical bone has a tensile strength 
approximately 15 times higher, 120 MPA as a mid range 
value. For comparison, the common implant metal titanium 
Ti6-Al4-V alloy, in solid form, has a tensile strength of 965 
MPA. Cortical bone has a modulus of elasticity on the order of 
30 times higher than the apparent modulus of elasticity of 
trabecular bone. 

Orthopedic implants With porous bone interface surfaces 
have been studied extensively over the last tWenty years. In 
vieW of the strength and longevity requirements, the implants 
are typically made of biocompatible metals, such as titanium 
or cobalt-chrome alloy. It has long been knoWn that success in 
facilitating the ingroWth is related to the pore characteristics 
of the bone interface surfaces, such as pore siZe, pore topog 
raphy and porosity. For example, it is knoWn that the bone 
ingroWth may be almost entirely non-existent if the porous 
layer has pore siZes of less than 10 um, and that pore siZes 
greater that 100 um facilitate the ingroWth. For further 
example, it is knoWn that the pores must interconnect to alloW 
suf?cient depth of bone ingroWth and How of biological ?u 
ids. 

Thus, one of the challenges is to provide metallic orthope 
dic implants having porous metallic bone interfaces With 
appropriate pore siZes, highpore connectivity and high poros 
ity. Another challenge is to provide appropriate matching of 
mechanical properties betWeen the porous layer and the 
underlying solid substrate, such as the inner solid portion of 
the shell 14 and the porous portions of the shell 11, respec 
tively, of the acetabular cup implant 10 shoWn in FIG. 1. 
LikeWise, it is desirable to match the properties of the porous 
outer portion of the shell 13 With the characteristics of the 
bone, Which change over the surface of the implant. For 
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example, the equatorial rim 17 of the acetabular cup implant 
10 contacts dense bone in the corresponding region of the 
acetabulum While the dome region near the pole 18 contacts 
more porous cancellous or less dense subchondral bone in the 
corresponding region of the acetabulum. Additionally, it is 
desirable to match the mechanical properties of the implant to 
the bone in order to minimize the differences in the strain ?eld 
at the interface to avoid loosening the bone/ implant bonds and 
to properly distribute loading over the bone so as to avoid 
stress shielding and consequent resorption of bone. This 
requires matching the modulus of elasticity of the outer layer 
of the porous metal coating With the bone modulus of elas 
ticity over any portion of the bone/ implant interface subject to 
load. On a macro level, it is further desirable to match the 
overall resilience of the dome region of the acetabular cup 
implant to the resilience of the acetabulum to provide a more 
natural dynamic load path into the pelvis and better absorb 
impacts on the joint. 
An additional challenge is that implants With an open 

porous structure are generally mechanically Weaker than 
those With a denser, less porous, structure. It is desirable to 
improve the integrity of porous structures in highly stressed 
regions during installation and during use, both from a 
mechanical and a biological perspective. 

Considering the con?icting requirements for optimizing 
tissue ingroWth, substrate compatibility, bone compatibility 
and mechanical considerations for the porous bone interface 
surfaces particular to a given implant, there is a need for 
implant designs and manufacturing methods that better meet 
these con?icting requirements. 

Certain orthopedic implants having porous bone interface 
surfaces, and related methods of making such implants have 
been patented. Porous surfaces created by plasma spraying, 
?ame spraying or sintering of metal particles such as spheres 
or Wires onto the implant substrate are Well knoWn in the art. 
Such methods do not provide a high porosity (typically they 
are beloW 50%), high cell interconnectivity or optimum con 
trol of pore characteristics. For example, U.S. Pat. No. 5,926, 
685 describes a method of forming an implant having a 
porous outer surface by using an organic binder compound to 
enhance the binding betWeen the porous surface layer and the 
implant. The binder and metal particles that form the porous 
layer are mixed and the mixture is placed in contact With a 
solid surface of the metallic implant. Then, the particles (pre 
cursor of the porous layer) are bound to each other and to the 
solid surface of the implant via a sintering process. 

In general, methods of producing high porosity metallic 
structures With controlled pore characteristics are knoWn in 
the art. As shoWn in FIG. 2, such structures are typically 
cancellated space frame structures With struts or Webs 32 
de?ning someWhat regular shaped pores 34 and have high 
interconnectivity and relatively uniform pore characteristics. 
Typically this type of structure is formed based on the shape 
of a polymer foam precursor, either used as a skeleton for 
metallic coating or used to create a mold for a casting. The 
porosity of such structures is typically 60%-90% or even 
higher. This type of structure is very similar to that of cancel 
lous bone, Where the bone trabeculae form the struts. Further 
more, such a cancellated space frame structure is highly inter 
connected, alloWing, in the case of a structure suitable for an 
implant, bone groWth, vascularization and ?uid ?oW through 
out the interconnected pores. 

U.S. Pat. No. 5,282,861 describes such an open cell struc 
ture forbone implants having pore volume of from 70 to 80%. 
The open cell structures of the ’861 patent are formed by 
chemical vapor deposition of tantalum on a carbon skeleton to 
form a carbon-tantalum composite. The resulting structures 
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4 
have a carbon core and a tantalum outer surface. The speci 
?cation of the ’861 patent emphasizes that the three-dimen 
sional porosity of this structure is uniform and consistent. 

U.S. Pat. No. 5,976,454 describes a process for producing 
nickel foam for use in making battery electrodes. The poros 
ity of the foam is over 90%, but it is produced by a method that 
is in many respects not suitable for producing foams of bio 
compatible metals typically used in making implants, such as 
tantalum or titanium. 

In order to partially address the con?icting requirements 
for optimizing tissue ingroWth, substrate compatibility, bone 
compatibility and mechanical considerations for the porous 
bone interface surfaces particular to a given implant, several 
patents have proposed limited variations in the directional 
pore characteristics of the bone interface surfaces. U.S. Pat. 
No. 4,542,539 describes an implant With multiple layers of 
particles deposited on the surface. As shoWn in FIG. 3, the 
particles 42 increase in size from the substrate 44 of the 
implant to the bone interface surface 46 in the direction nor 
mal to the substrate as shoWn in FIG. 3. Purportedly, variation 
in the angle of incidence of the particles in the layer by layer 
deposition of the particles by a ?ame-plasma process results 
in a larger pore size and porosity at the surface. The porosity 
and interconnectedness is not said to be directly controllable. 
Because the particles occupy the bulk of the volume, this type 
of porous structure cannot approach the porosity, intercon 
nectivity and mechanical integrity of a cancellated structure. 
The reference distinguishes variation of the pore sizes in the 
direction normal to the substrate from other references that 
have different pore sizes on different parts of the surface such 
as U.S. Pat. No. 5,489,306 discussed beloW. 

U.S. Patent Application No. 2005/0100578 describes a 
method of achieving a porosity gradient in a porous implant 
through the thickness of a material by stacking layers of 
porous sheets and bonding the sheets together. Purportedly, 
the sheets can be fabricated so that features align from sheet 
to sheet to create a controlled porosity gradient in the direc 
tion normal to stacking. 

U.S. Pat. No. 5,489,306 describes an implant With gradu 
ated size particles in different zones of the surface from the 
proximal to distal end of the implant to create different pore 
sizes on different zones of the surface. Each zone only has 
pores Within a designated, relatively narroW, range, With the 
goal of encouraging a speci?c extent and type of osteointe 
gration in each zone. No variation in the pore size in the 
direction normal to the substrate is disclosed and there is no 
discussion of the variation of other pore characteristics such 
as the porosity. 

U.S. Pat. No. 6,913,623 describes an implant With a metal 
core and a proximal body fused to the core having a loWer 
modulus of elasticity and a higher porosity than the core. The 
porosity of the proximal body may be variable or functionally 
gradient throughout. There is no disclosure of hoW the poros 
ity varies or hoW the variation is to be achieved. 

U.S. Pat. No. 5,986,169 describes implants formed from 
Nickel-titanium alloys that are made porous by a combustion 
synthesis method developed in Russia. While claiming to 
produce a controlled porosity and porosity distributions, the 
porosity distributions described are broader than those 
described in other references for optimization of a porous 
implant. No description of gradient porosities or hoW to 
achieve a gradient porosity is provided. 

U.S. Patent Application No. 2003/0074081 purports to 
describe a method of producing implants having a controlled 
and directional gradient of poro sity through all or one or more 
portions of an implant. Allusions are made to combustion 
synthesis methods generally as providing the method of cre 
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ating a graded porosity. The only related example provided in 
the application describes the Nickel-Titanium combustion 
synthesis method developed in Russia that is the topic of Us. 
Pat. No. 5,986,169 described above. The example provided 
does not disclose a method for creating a gradient porosity 
implant. 

Various patents describe acetabular cups With resilient and 
relatively ?exible dome regions for the purposes of reducing 
impacts to the bearing surfaces and the implant/bone inter 
faces. This has the advantages of potentially increasing the 
bearing life, preserving the ?xation of the cup, and increasing 
the comfort of implant to the user. Examples include U.S. Pat. 
No. 6,136,033, and United Kingdom Patents 2,126,096, 
1,189,325 and 1,527,498. These devices alloW relative move 
ment of the bearing surface With respect to the cup outer 
surface contacting the bone by alloWing the outer surface to 
freely ?ex or by interposing an elastomeric material betWeen 
the bearing surface and the outer surface. There is a need to 
provide increased resilience and decreased rigidity of the 
dome region of an acetabular cup Without the additional cup 
thickness, machining and components required for these 
methods. 

It is also desirable to create an acetabular cup With a rela 
tively more rigid rim region of the cup. Because the cup is 
initially an interference ?t in the acetabular socket, the cup 
may have large radial loads in the rim region once installed 
that can distort the hemisphere in that region inWard and 
create excess bearing stress and evenbinding in the equatorial 
region of the bearing surface. This problem can be particu 
larly aggravated by an under-reamed acetabular socket. 

Therefore, there exists a continuing need for implantable 
medical devices, especially orthopedic implants, having 
metallic porous surfaces, blocks, layers or other porous struc 
tures for interfacing With bones and/ or other tissue, With the 
porous structures having a variety of directionally controlled 
pore characteristics, including controlled porosity, controlled 
pore siZe and controlled pore siZe distribution, and With the 
porous structures having such controlled pore characteristics, 
strength, elasticity and con?gurations to optimiZe the perfor 
mance of implantable medical devices. 

SUMMARY OF THE INVENTION 

Various aspects of the present invention address this need. 
Thus, in accordance With one aspect, the invention pro 

vides an implantable medical device comprising a porous 
metal foam or foam-like structure having pores de?ned by 
metal struts or Webs Wherein the porous structures have direc 
tionally controlled pore characteristics. The pore character 
istics controlled include one or more of the metal foam poros 
ity, pore siZe, pore shape, pore siZe distribution and strut 
thickness. The pore characteristics may vary in one or more 
directions throughout the structure. 

Preferably the pore characteristics are controlled to match 
the porous metal foam structure to various mechanical and 
biological requirements of different regions of the structure in 
order to optimiZe various aspects of the implants perfor 
mance. The requirements include matching the bone charac 
teristics adjacent the structure, such as the bone porosity, 
strength and modulus of elasticity. Other requirements 
include matching the characteristics of the substrate of the 
implant to Which the porous metal foam structure is attached, 
such as the substrate strength and modulus of elasticity. Thus 
the pore characteristics vary not only over the surfaces of the 
porous layer, but through the depth of the porous layer 
depending on the matching requirements of the particular 
implant. 
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6 
In another aspect, the invention modi?es the thickness of 

the porous metal foam or foam-like structure in different 
regions of the structure in order to establish a thickness pro?le 
that optimiZes various mechanical and biological require 
ments of the implants performance. These requirements 
include increasing the thickness of the structure adjacent 
cancellous bone to alloW deeper bone ingroWth in the higher 
groWth cancellous bone region and to alloW the implant to be 
less rigid and more resilient in order to better match the 
cancellous bone characteristics, and if desired, better transmit 
the joint load against the bone. Conversely, the thickness of 
the porous structure is decreased or the thickness of the solid 
structure is increased adjacent peripheral denser bone in 
response to typically higher insertion loads imposed in the 
region. This increase in rigidity around the rim maximiZes the 
cups dimensional stability Which is required for certain hard 
on hard bearings. 

In another aspect, the invention is an acetabular cup 
implant With an outer, generally hemispherical, porous metal 
foam or foam-like layer for contacting bone. The outer layer 
has a ?rst porosity and thickness in the equatorial or rim 
region that is typically in contact With dense bone of the 
acetabulum and a second porosity and thickness in the polar 
or dome region that is generally in contact With the cancellous 
bone of the acetabulum. The second thickness is greater than 
the ?rst thickness to alloW deeper bone ingroWth and to alloW 
the dome to be less rigid and more resilient in order to better 
match the cancellous bone characteristics. If the dome region 
is more porous or has other pore characteristics that decrease 
the modulus of elasticity in the dome region, such as thinner 
struts in the cancellated structure, this further augments the 
desired decrease in rigidity and increase in resiliency of the 
dome region. 

In accordance With an aspect, the invention is an acetabular 
cup implant With an outer, generally hemispherical, porous 
metal foam or foam-like layer for contacting bone. The outer 
layer surface has a ?rst porosity gradient in the equatorial or 
rim region and a ?rst surface porosity in the equatorial or rim 
region that is typically in contact With denser bone of the 
acetabulum. The outer surface layer also has a second poros 
ity gradient in the polar or dome region and a second surface 
porosity in the polar or dome region that is generally in 
contact With the cancellous or less dense subchondral bone of 
the acetabulum. The second surface porosity is greater than 
the ?rst surface porosity to better alloW cancellous bone 
ingroWth and to alloW the dome to be less rigid and more 
resilient in order to better match the cancellous bone charac 
teristics. The porosity in each region decreases With depth 
from each respective surface porosity to a loWer porosity that 
better matches the strength and modulus of elasticity of the 
shell substrate. 

It Will be understood by a person of skill in the art that 
throughout this speci?cation When ?rst and second regions or 
Zones, ?rst and second porosity gradients and ?rst and second 
surface porosities have been described, these Zones, porosity 
gradients and surface porosities may be adjusted and varied to 
provide gradients of porosity in three dimensions throughout 
the volume of the porous metal layers and that additional 
discrete intermediate Zones, porosity gradients and surface 
porosities may also be de?ned, adjusted and varied to transi 
tion betWeen the ?rst and second regions, ?rst and second 
porosity gradients and ?rst and second surface porosities 
described above to provide varying porosities and porosity 
gradients in different regions throughout the volume of the 
generally hemispherical porous metal layer. Furthermore it 
Will be understood that that Where gradients are described, 
they may consist of stepWise transitions rather than continu 
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ous smooth transitions. One particular reason for such step 
Wise transitions is because the pores siZes are discrete incre 
ments of space. For example, a thin porous layer may be only 
tWo pore siZe units thick and thus a gradient of pore siZe 
through such a layer must be a step in pore siZe. Gradients that 
have stepWise transitions may also result from particular 
manufacturing methods. 

In accordance With another aspect, the invention provides a 
method of forming a gradient porous metal foam structure for 
use in an implantable medical device based on the methods 
described in Us. patent application Ser. No. 10/071,667 ?led 
on Feb. 8, 2002 and published as U.S. Published Patent Appli 
cation 20030153981 herein incorporated by reference. In one 
aspect, the invention of the ’ 981 application provides a porous 
metal scaffold comprising a porous metal netWork having 
pores de?ned by metal Webs or struts, the metal Webs covered 
With at least one layer of metal particles bonded to the metal 
Webs. In other aspects, the invention provides methods of 
forming porous scaffolds. In one such aspect, the method 
includes providing a polymer foam preform; forming a skin 
of biocompatible metal on the polymer foam preform by loW 
temperature arc vapor deposition; and heating the polymer 
foam and the metal skin above the decomposition tempera 
ture of the polymer foam preform in an inert gas atmosphere; 
thereby the polymer foam preform decomposes producing a 
green metal foam. The methods of the ’981 application are 
extended in the present invention to the fabrication of gradient 
and Zonal porous scaffolds or foam structures for implants by 
neW methods that provide varying porosities and porosity 
gradients in different regions throughout the volume of the 
porous metal foam layer of the implant. 

In one aspect of the invention, the polymer foam preform is 
modi?ed to have gradient pore characteristics corresponding 
to the desired gradient or Zonal porosity or other pore char 
acteristics of the ?nished implant, With a suitable alloWance 
for the thickening of the Webs by the sub sequent metal depo 
sition. Such a gradient porosity polymer may be created, for 
example, by the natural buoyancy of the gases in the liquid 
polymer foam, centrifuging of the liquid foam prior to setting, 
selected permanent compression of a constant porosity poly 
mer foam precursor to form the gradient porosity preform or 
by rapid prototyping techniques. 

In accordance With this aspect, the invention provides a 
method of forming a gradient porous metal foam structure for 
use in an implantable medical device, the method including: 

providing a polymer foam preform having a pre-deter 
mined thickness pro?le and predetermined gradient pore 
characteristics; 

forming a skin of biocompatible metal on the polymer 
foam perform by loW temperature arc vapor deposition; 

heating the polymer foam and the metal skin above the 
decomposition temperature of the polymer foam in an inert 
gas atmosphere; thereby the polymer foam decomposes pro 
ducing a green metal foam having gradient pore characteris 
tics. 

Preferably, the method of this aspect of the invention fur 
ther includes thickening the green metal foam by applying a 
solution of a binder onto the green foam, applying a metal 
poWder having a pre-determined particle siZe, and sintering 
the foam, thus producing a ?nal metal foam having gradient 
or Zonal pre-determined pore characteristics. The thickening 
of the foam may be repeated until the metal foam has the ?nal 
pre-determined pore characteristics. 

In another aspect of the invention, the loW temperature arc 
vapor deposition process described in the ’981 application, or 
other physical deposition processes, are modi?ed to utiliZe 
the directionality of the vapor ?ux deposited onto the polymer 
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8 
foam in order to build the metal skin to various thicknesses in 
different regions of the foam and thereby vary the pore char 
acteristics, such as the porosity. LoW pressure physical vapor 
deposition processes tend to produce line of sight coating 
patterns that build up more heavily on the side of the foam 
facing the vapor source as opposed to surfaces oblique to the 
source, facing aWay from the source or in a “shadoW” created 
by overlying foam or other overlying objects. Such shadoWs 
may also be arti?cially created by the use of masks placed 
betWeen the vapor source and the foam to alloW less vapor 
deposition on selected regions of the implant. 

In accordance With this aspect, the invention provides a 
method of forming a gradient porous or Zonal metal foam 
structure for use in an implantable medical device, the 
method including: 

providing a polymer foam having a pre-determined thick 
ness pro?le and predetermined pore characteristics; 

forming a skin of biocompatible metal having a gradient of 
skin thickness on the polymer foam by loW temperature 
physical vapor deposition; 

heating the polymer foam and the metal skin above the 
decomposition temperature of the polymer foam in an inert 
gas atmosphere; thereby the polymer foam decomposes pro 
ducing a green metal foam having gradient pore characteris 
tics. 

Preferably, the method of this aspect of the invention fur 
ther includes thickening the green metal foam by applying a 
solution of a binder onto the green foam, applying a metal 
poWder having a pre-determined particle siZe, and sintering 
the foam, thus producing a ?nal metal foam having gradient 
or Zonal pre-determined pore characteristics. The thickening 
of the foam may be repeated until the metal foam has the ?nal 
pre-determined pore characteristics. 

In another aspect of the invention, the process of thickening 
the green metal foam by applying a solution of a binder onto 
the green foam, applying a metal poWder having a pre-deter 
mined particle siZe, and sintering the foam described in the 
’981 application, is modi?ed to selectively sinter varying 
amounts of metal poWder to different regions of the green 
metal foam to vary the pore characteristics, such as porosity. 
Variations in the amount of metal poWder sintered to the foam 
can be created by varying the amount and location of binder 
applied, varying the amount and location of metal poWder 
applied, and by selectively removing binder or metal poWder 
prior to sintering. As described in the ’981 application, the 
cycle of applying the binder, applying the metal poWder and 
sintering can be repeated. By applying and sintering the metal 
poWder to selected regions during latter cycles, the porosity, 
for instance, can be reduced in the selected regions. 

In accordance With this aspect, the invention provides a 
method of forming a gradient or Zonal porous metal foam 
structure for use in an implantable medical device, the 
method including: 

providing a polymer foam having a pre-determined thick 
ness pro?le and predetermined pore characteristics; 

forming a skin of biocompatible metal on the polymer 
foam by loW temperature physical vapor deposition; 

heating the polymer foam and the metal skin above the 
decomposition temperature of the polymer foam in an inert 
gas atmosphere; thereby the polymer foam decomposes pro 
ducing a green metal foam having gradient pore characteris 
tics. 
The method of this aspect of the invention further includes 

variably thickening the green metal foam by applying a solu 
tion of a binder onto the green foam, applying a metal poWder 
having a pre-determined particle siZe, and sintering the foam, 
thus producing a ?nal metal foam having gradient pre-deter 
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mined pore characteristics. The variable thickening of the 
foam may be repeated until the ?nal metal foam has the 
pre-determined pore characteristics. 

In accordance With another aspect, the invention provides a 
method of forming a gradient porous metal foam structure for 
use in an implantable medical device using laser sintering 
methods such as the methods described in commonly 
assigned US. patent application Ser. No. 10/704,270 ?led on 
Nov. 7, 2003, titled “Laser-Produced Porous Surface”, and 
published as US. Published Patent Application US 
20040191106, herein incorporated by reference herein and 
the methods described in US. patent application Ser. No. 
11/027,421 ?led on Dec. 30, 2004, “Laser-Produced Porous 
Structure”, incorporated by reference herein. The inventions 
of these applications provide a porous or partially porous 
three-dimensional metal article for use as a tissue ingroWth 
surface on a prosthesis. The porous article is formed using 
direct laser remelting in a cross section of a layer of metallic 
poWder. The poWer, speed, spot siZe and beam overlap of the 
scanning laser is coordinated so that a predetermined porosity 
of the metallic poWder can be achieved for each layer. Laser 
factors also vary depending on the thickness of the poWder 
layer, type of metallic poWder and siZe and siZe distribution of 
the poWder particles. Successive depositing and remelting of 
individual layers are repeated until the article is fully formed 
in a layer-by-layer fashion. As explained in the applications 
the length and thickness of struts, the shape of unit cells (and 
consequently pores) and the overlapping of cells alloW adjust 
ment of the porosity throughout the structure. The pore char 
acteristics can be varied from one location on the structure to 
another and the porosity of successive layers can be varied by 
these and other techniques described in the application. The 
methods can create a structure With an integral solid layer, or 
the porous layer can be formed on a pre-existing solid sub 
strate, or the substrate can be attached to the porous structure 
by methods such as conventional sintering. Thus a laser sin 
tering approach can also be used to fabricate the various 
aspects of the invention described above. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1, previously discussed, shoWs a typical hip joint 
implant system; 

FIG. 2, previously discussed shoWs scanning electron 
microscope (SEM) photographs of a titanium-coated cancel 
lated polyurethane foam at 25X; and 

FIG. 3 shoWs a prior art gradient porous coating. 
A more accurate appreciation of the subject matter of the 

present invention and the various advantages thereof can be 
realiZed by reference to the folloWing detailed description, 
Which makes reference to the accompanying draWings in 
Which: 

FIG. 4 illustrates an embodiment of the invention, a front 
cross-sectional vieW of an acetabular cup implant incorporat 
ing a porous metal foam structure; 

FIG. 5 shoWs a plan vieW of the rim and inner surface of the 
acetabular cup of FIG. 4; 

FIG. 6 shoWs an enlarged cross-sectional vieW through the 
polar region of the acetabular cup of FIG. 4 along the line 
A-A; 

FIG. 7 shoWs an enlarged cross-sectional vieW through the 
equatorial region of the acetabular cup of FIG. 4 along the line 
B-B; 

FIG. 8 shoWs an acetabular cup embodiment of the inven 
tion With differing Zones of porosity characteristics de?ned 
by the polar angle; 
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10 
FIG. 9 shoWs an acetabular cup embodiment of the inven 

tion With a single Zone of porosity characteristics in the polar 
region and tWo Zones of porosity characteristics in the equa 
torial region; 

FIG. 10 shoWs a cross-section of a portion of an acetabular 
cup having a gradient of porosity throughout the volume of 
the porous metal foam coating; 

FIG. 11 shoWs a general functional block diagram of a 
method for producing porous metal foam structures in accor 
dance With one of the embodiments of the invention; and 

FIG. 12 shoWs an embodiment of the invention With a 
femoral stem having a three dimensional gradient porous 
metal foam coating. 

DETAILED DESCRIPTION 

In accordance With one embodiment, the invention pro 
vides a porous metallic foam or foam-like structure suitable 
for medical device application, especially for orthopedic 
implants With gradient pore characteristics. The porous metal 
foam structure has pores de?ned by metal struts or Webs 
Wherein the porous structure has directionally controlled pore 
characteristics. The pore characteristics controlled include 
one or more of the metal foam porosity, pore siZe, pore shape, 
pore siZe distribution and Web thickness. The pore character 
istics may vary in one or more directions throughout the 
structure. It Will be understood that although, for reasons of 
clarity, the primary varying pore characteristics discussed 
Will be the porosity and pore siZe, a person of skill in the art 
Will understand the applicability of the various apparatus and 
methods disclosed to other pore characteristics. 

Preferably the pore characteristics are selectively modi?ed 
to adapt the porous metal foam structure to differing mechani 
cal andbiological properties of regions of the adjacent bone in 
order to optimiZe various aspects of the implants perfor 
mance. The modi?cations include matching the bone charac 
teristics adjacent the structure, such as the bone porosity, 
strength and modulus of elasticity. 

In another aspect, the invention modi?es the thickness of 
the porous metal foam structure in different regions of the 
structure in order to optimiZe various mechanical and biologi 
cal requirements of the implants performance. These require 
ments include increasing the thickness of the porous structure 
adjacent cancellous bone to alloW deeper bone ingroWth in 
the higher groWth cancellous bone region and to alloW the 
implant to be less rigid and more resilient in order to better 
match the cancellous bone characteristics, and if desired, 
absorb shock from implant loading. Conversely, the thickness 
of the porous structure is decreased adjacent denser bone in 
response to the typically higher loads imposed in the denser 
bone regions, both during installation and use, as a result of 
the relatively higher strength and modulus of elasticity of the 
denser bone. 

In the preferred variant, the porous foam or foam-like 
structure of the invention is a high strength, open cell, struc 
ture de?ned by metal Webs With pore siZes of the foam regions 
adjacent bone preferably above 100 um, more preferably, 
ranging from about 100 pm to about 1000 um, more prefer 
ably still, ranging from about 300 um to about 500 pm. The 
porous foam structure adjacent the bone is also characteriZed 
by high pore volume or porosity, ranging from about 30% to 
about 90%, more preferably, from about 60% to about 80%. 
The foam structure has a porous surface and is preferably a 
cancellated structure With high interconnectivity throughout. 
The porous surface interfaces With a bone if the porous foam 
structure is used in an orthopedic implant. The porous foam 
structure is preferably made from biocompatible metals, such 
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as titanium, titanium alloys, cobalt-chrome alloy, stainless 
steel, tantalum, and niobium. The most preferred metals are 
titanium and titanium alloys. The preferred titanium alloy is 
Ti-6Al-4V alloy. The foam structure may be in a form of a 
block, a structure or structures, a tissue in-groWth surface or 
other desirable form or shape. 

The porous structure P may be attached to a substrate S 
(FIG. 4). Preferably, the substrate S is a solid metallic sub 
strate. The substrate S and the porous foam structure P are 
preferably integrated With each other. FIG. 4 shoWs the foam 
structure P in the form of outer porous layer P1 and inner 
porous layer P2. P1 and P2 are layers having differing pore 
characteristics and additional layers P” having differing pore 
characteristics may also be incorporated in the porous struc 
ture P. It should be understood that the shape of the foam 
structure P and the substrate S shoWn in FIG. 4 is purely 
illustrative, and by no means limiting. The thickness or depth 
d of the porous layer P may be variable over the surface of the 
substrate, ranging up to 90% of the implant thickness. The 
thickness of the solid substrate S may be selected as desired 
and a distinct substrate may not be present or required. The 
porosity, interconnectivity and other pore characteristics of 
the porous layer may be variable throughout the depth d, 
either in a variable gradient manner or in distinct Zones. 

Preferably, the porous layer P has a porous surface 51 
comprising a bone interface surface Which typically has a 
high degree of porosity, interconnectivity and roughness to 
encourage bone ingroWth and retention. The porosity, inter 
connectivity and other pore characteristics of the porous layer 
may be variable over the bone interface surface 51, either in a 
variable gradient manner or in distinct Zones. The surface 
pore characteristics may be selected to match the bone char 
acteristics adjacent the structure, such as the bone porosity, 
strength and modulus of elasticity. Thus, for example, the 
surface pore siZe adjacent trabecular bone may be 500 um, 
While the surface pore siZe adjacent denser bone may be 100 
pm. The surface pore siZe and porosity may also be tailored in 
regions of the surface due to mechanical considerations, such 
as to emulate natural loading of the bone through the implant 
or to emulate the natural resiliency of bone removed in prepa 
ration for the implant. For example, the porosity adjacent a 
trabecular bone region may be 80% to promote maximum 
ingroWth and load transfer and to approximate the natural 
resilience of the trabecular bone. In certain instances, a very 
loW porosity may be required, for instance in order to limit the 
degree of bone ingroWth or to limit the ingress of Wear par 
ticles to the bone/ implant interface in proximity to the implant 
bearing surface. A loW porosity may also be required in a 
region subject to a high mechanical load during installation or 
use that can compromise the integrity of a highly porous 
structure. 

FIG. 4 illustrates the application of the invention to an 
acetabular cup shell 11 for an acetabular implant 10 as gen 
erally described in FIG. 1. This application may be use either 
With a socket insert 12 or Without an insert in Which case the 
interior surface of the shell 11 acts as the bearing. This 
embodiment of the invention is intended for a press ?t 
cementless installation in the acetabulum, With bony tissue 
ingroWth after installation. The porous metal foam structure P 
is attached to a solid metal substrate S to form the generally 
hemispherical shell 11 With bone interface surface 51 associ 
ated With outerporous layer P1 and substrate interface surface 
55 associated With inner porous layer P2 The shell 11 includes 
a polar region 52 adjacent the pole 18 of the generally hemi 
spherical shell and an equatorial rim region 54 adjacent the 
rim 17 of the shell. In the instance of an installed acetabular 
implant, the bone interface surface 51 of the polar region 52 is 
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12 
generally in contact With less dense cancelleous or subchon 
dral bone of the acetabulum While the bone interface surface 
51 of the equatorial rim region 54 is generally. in contact With 
denser subchondral bone. 
As illustrated in FIG. 4, the thickness d of the foam struc 

ture can be increased, if desired, in the dome region 52 adja 
cent cancellous bone to alloW deeper bone ingroWth in the 
higher groWth cancellous bone region and to alloW the 
implant to be less rigid and more resilient in order to better 
match the cancellous bone characteristics, and minimiZe 
stress shielding. FIG. 6 shoWs a cross sectionA-A through the 
dome region 52 and the relative thickness d of the foam 
structure. Conversely, the thickness d of the structure is 
decreased adjacent the denser bone at the equatorial rim 
region 54 in response to more shalloW bone ingroWth poten 
tial and typically higher loads imposed in the denser bone 
regions, both during installation and use, as a result of the 
relatively higher strength and modulus of elasticity of the 
denser bone. FIG. 7 shoWs a cross section B-B through the 
equatorial rim region 54 and the relative thickness d of the 
foam structure. Having only a thin thickness d of the foam 
structure P2 at the equatorial rim is also desirable to limit the 
area through Which any Wear debris particles from the implant 
bearing surfaces can in?ltrate the foam structure and come in 
contact With the bone. FIGS. 7 and 8 also shoWs that the 
thickness of the solid substrate S can be increased in the 
equatorial region to increase the rigidity of the shell and resist 
distortion of the substrate and bearing surface caused by the 
relatively high radial loads in the equatorial region created by 
both the press ?t installation of the cup 11 in the acetabular 
socket and by loading of the implant during use. 
The pro?le of the changing thickness d of the foam struc 

ture can be described by various geometrical methods or 
derived directly from analysis of the desired mechanical 
properties of the implant using structural static or dynamic 
analysis methods, such as ?nite element analysis. The pro?le 
of the thickness d may be of constant thickness, or vary 
linearly With distance along the implant surface or be 
described by other appropriate mathematical functions. As an 
example, the acetabular cup depicted in FIG. 4 has a foam 
thickness d in the dome region of 2.8 mm and the thickness d 
in rim region is 0.25 mm determined as a sinusoidal function 
of the respective arcs and centers of the outer surface 51 and 
the inner surface 55. The difference in thickness d is clearly 
seen by comparing FIGS. 6 and 7. While depicted in cross 
section in FIG. 4, the thickness d may also vary in three 
dimensions, for example, as a function of the angle 0 of 
rotation about the pole 18 as shoWn in FIGS. 

It is also desirable for the inner surface 55 of the porous 
metal foam structure to match the characteristics of the sub 
strate of the implant to Which the structure is attached, such as 
the substrate strength and modulus of elasticity. Thus the pore 
characteristics may vary not only over the surfaces of the 
porous layer, but through the depth of the porous layer 
depending on the matching requirements of the particular 
implant. An outcome of this aspect of the invention is shoWn 
in FIGS. 6 and 7, Where the respective cross sections through 
the shell shoW a small pore siZe at the inner surface 55 of the 
porous metal foam structure P and a substantially larger pore 
siZe at the bone interface surface 51, the pore siZe in the dome 
region 52 depicted in section A-A being larger than the pore 
siZe in the equatorial rim region 54 depicted in section B-B. 
Thus, in this embodiment of the invention, a depth gradient of 
pore siZe is established through the foam structure P depend 
ing on the boundary conditions and the thickness of P at a 
given point. Similar depth gradients of other pore character 
istics, such as porosity, can be de?ned based on boundary 
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conditions, such as matching the desired modulus of elastic 
ity; larger scale mechanical conditions, such as achieving a 
given implant resiliency; or biological conditions, such as 
controlling the depth and degree of bone ingroWth and ?uid 
in?ltration. 

Again referring to FIGS. 4, 5, 6 and 7, but considering 
variation in porosity rather than pore siZe as described above, 
an example of various aspects of the invention is an acetabular 
cup implant With an outer, generally hemispherical, porous 
metal foam layer for contacting bone P as shoWn in FIG. 4. 
The outer layer surface 51 has a ?rst porosity gradient in the 
equatorial or rim region 54 and a ?rst surface porosity in the 
equatorial or rim region 54 that is typically in contact With 
denser subchondral bone of the acetabulum. For particular 
example, the ?rst surface porosity may be 35% and the ?rst 
porosity gradient may result in a porosity of approximately 
5% in the foam at the inner surface 55. The outer surface layer 
51 also has a second porosity gradient in the polar or dome 
region 52 and a second surface porosity in the polar or dome 
region 52 that is generally in contact With the cancellous or 
less dense subchondral bone of the acetabulum. For particular 
example, the second surface porosity may be 70% and the 
second porosity gradient may be a linear gradient of 30%/mm 
having a depth d of approximately 2 mm through the cros 
section A-A depicted in FIG. 6. This results in a porosity of 
approximately 10% in the foam at the inner surface 55. The 
second surface porosity is greater than the ?rst surface poros 
ity to better alloW cancellous bone ingroWth and to alloW the 
dome to be less rigid and more resilient in order to better 
match the cancellous bone characteristics. The porosity in 
each region decreases With depth from each respective sur 
face porosity to a loWer porosity that better matches the 
strength and modulus of elasticity of the shell substrate. 
While the surface porosity has been described as constant in 
each region, it may also vary as a function of the angle 6 of 
rotation about the pole 18 as shoWn in FIG. 5. Also the 
porosity of the foam immediately adjacent the rim 17 may be 
very loW throughout its thickness d in order to better seal the 
bone interface surface from sinuvial ?uids and reduce the 
potential for the ingress of Wear particles from the bearing to 
the bone interface surface. 

It Will be understood by a person of skill in the art that While 
?rst and second regions 52 and 54, ?rst and second porosity 
gradients and ?rst and second surface porosities have been 
described, these Zones, porosity gradients and surface porosi 
ties may be adjusted and varied to provide gradients of poros 
ity in three dimensions throughout the volume of the gener 
ally hemispherical, porous metal foam layer P and that 
additional discrete intermediate Zones, porosity gradients and 
surface porosities may also be de?ned, adjusted and varied to 
transition betWeen the ?rst and second regions, ?rst and sec 
ond porosity gradients and ?rst and second surface porosities 
described above to provide varying porosities and porosity 
gradients in different regions throughout the volume of the 
generally hemispherical porous metal foam layer. Similarly, 
it Will be understood that these Zone and gradient concepts 
may be applied to other pore characteristics of the porous 
metal foam layer P as Well. 

FIG. 8 depicts an acetabular cup With an implementation of 
such discrete Zones having different pore characteristics and, 
if desired, different pore characteristic gradients. The porous 
outer layer P consists of a polar partial spherical Zone 61, an 
intermediate partial spherical Zone 62 and an equatorial par 
tial spherical Zone 63. The polar partial spherical Zone 61 
overlies the intermediate partial spherical Zone 62 and the 
equatorial partial spherical Zone 63 respectively in a polar 
region de?ned 52 by a polar angle (1)1. The intermediate par 
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tial spherical Zone 62 overlies the equatorial partial spherical 
Zone in a region de?ned by polar angle (1)2, and the outer 
surface of equatorial partial spherical Zone 63 is the bone 
interface surface 51 in a region de?ned by polar angles (1)2 and 
(1)3. 

FIG. 9 depicts an acetabular cup With another implemen 
tation of such discrete Zones having different pore character 
istics and, if desired, different pore characteristic gradients. 
The porous outer layer P consists of a polar partial spherical 
Zone 61 and an equatorial partial spherical Zone 63. The polar 
partial spherical Zone 61 overlies the substrate S in a polar 
region de?ned 52 by a polar angle (1)1. The equatorial spheri 
cal Zone 63 is comprised of an inner layer 65 and an outer 
layer 67. The polar partial spherical Zone 61 and the equato 
rial partial spherical Zone inner layer 65 and outer layer 67 
each having different pore characteristics. As a typical 
example using porosity, the inner layer 65 is the least porous, 
folloWed by the outer layer 67 and the polar partial spherical 
Zone 61 respectively. If desired, these relative pore character 
istic relationships can be altered. 

Preferably, the substrate S and the porous layer P are pro 
duced from the same metal or alloys of the same metal. The 
substrate S and the porous layer P may be attached by sinter 
ing or other biocompatible attachment processes. The pre 
ferred metals for the substrate are biocompatible metals, such 
as titanium, titanium alloys, cobalt-chrome alloy, stainless 
steel, tantalum, and niobium. The most preferred metals are 
titanium and titanium alloys. The preferred titanium alloy is 
Ti-6Al-4V alloy. The substrate may also be provided With a 
surface hardening treatment or be coated With a bearing mate 
rial such as a ceramic. In some instances, the substrate may be 
integral With the porous metal structure or not be present. 
The advantages of the orthopedic implants having the gra 

dient porous foam structure P are related to the method of 
forming the foam structure. In another embodiment, the 
invention provides a process for forming gradient porous 
foam structures of medical devices, especially orthopedic 
implants and particularly gradient porous foam structures 
With gradients in more than one dimension. 
As previously discussed, the invention provides a method 

of forming a gradient porous metal foam structure for use in 
an implantable medical device based on the methods 
described in US. patent application Ser. No. 10/071,667. The 
methods of the ’981 application are extended in the present 
invention to the fabrication of gradient porous foam struc 
tures for implants by neW methods that provide varying 
poro sities and porosity gradients in different regions through 
out the volume of the porous metal foam layer of the implant. 

FIG. 11 shoWs a general scheme of the process of the ’667 
application as modi?ed to create gradient pore characteris 
tics. Each ofthe process steps 1000,1100 and 1400 Which can 
be modi?ed to create gradient pore characteristics are marked 
With crosshatching, indicating the option of creating gradient 
pore characteristics in the gradient porous metal foam struc 
ture at that step. 

Starting With the unmodi?ed process described in the ’667 
application, a pyrolyZable polymer foam preform With pre 
determined pore characteristics is created (Step 1000). The 
preform includes a polymer Web of struts having an open cell, 
interconnected structure, preferably a cancellated or cancel 
lated structure. A desired biocompatible metal, such as tita 
nium, is deposited on the pyrolyZable polymer foam by loW 
temperature arc vapor deposition (LTAVD or LTAV deposi 
tion) (Step 1100). LTAVD is a physical vapor deposition 
(PVD) method that utiliZes a high current, loW voltage elec 
tric arc to evaporate electrically conductive metals. The metal 
is evaporated in high vacuum and is deposited as a thin, highly 










